The hepatic energy state, defined by adenine nucleotide levels, couples metabolic pathways with energy requirements. This coupling is fundamental in the adaptive response to many conditions and is impaired in metabolic disease. We have found that the hepatic energy state is substantially reduced following exercise, fasting, and exposure to other metabolic stressors in C57BL/6 mice. Glucagon receptor signaling was hypothesized to mediate this reduction because increased plasma levels of glucagon are characteristic of metabolic stress and because this hormone stimulates energy consumption linked to increased gluconeogenic flux through cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) and associated pathways. We developed what we believe to be a novel hyperglucagonemic-euglycemic clamp to isolate an increment in glucagon levels while maintaining fasting glucose and insulin. Metabolic stress and a physiological rise in glucagon lowered the hepatic energy state and amplified AMP-activated protein kinase signaling in control mice, but these changes were abolished in glucagon receptor-null mice and mice with liver-specific PEPCK-C deletion. 129X1/Sv mice, which do not mount a glucagon response to hypoglycemia, displayed an increased hepatic energy state compared with C57BL/6 mice in which glucagon was elevated. Taken together, these data demonstrate in vivo that the hepatic energy state is sensitive to glucagon receptor activation and requires PEPCK-C, thus providing new insights into liver metabolism.
Introduction
The energy state in the cell is defined by adenine nucleotide levels and is critically coupled to nearly all metabolic processes (1) . In the cell, the adenine nucleotides ATP, ADP, and AMP are tied directly or indirectly to all energetic pathways and allosterically control numerous regulatory enzymes (2) (3) (4) (5) (6) . Changes in adenine nucleotides typically occur such that ATP and AMP deviate in reciprocal directions, while ADP remains constant (1) . Such changes are the basis for using the ratio AMP/ATP (1, 7) or the equation for cellular energy charge ([ATP + (0.5 × ADP)] / [ATP + ADP + AMP]) (8, 9) as indices of the metabolic environment. Metabolic stress is thus characterized by a rise in AMP paired with a fall in ATP levels, reflecting a decrease in energy state. A fall in energy state is of considerable importance, in part due to the regulatory role of AMP/ATP ratios on AMPK activity (10) . AMPK is a metabolic switch sensitive to high AMP/ATP ratios and functions to protect the energy state by inhibiting ATP-consuming processes while stimulating ATP-producing processes. (10) .
In most tissues, the environment is controlled to maintain a high energy state (low AMP/ATP ratio). In skeletal muscle, for example, creatine kinase limits reductions in ATP during conditions such as exercise, when energy utilization is accelerated (11, 12) . The liver, in contrast, lacks creatine kinase, and exercise has been shown to markedly decrease the hepatic energy state and increase the phosphorylation of AMPK (11, 13) . The regulatory significance of deviations in the hepatic energy state is further illustrated by studies using 5-aminoimidazole-4-carboxamide-1-β-O-ribofuranoside (AICAR). AICAR is converted to the AMP analog AICA-riboside (ZMP) upon entering the cell and thus mimics an increase in cellular stress. In previous studies, AICAR has been shown to increase energy-producing pathways in the liver relative to energy-consuming pathways (14) (15) (16) . The regulatory potential of the hepatic energy state is powerful, considering the key role of the liver in whole-body carbohydrate, lipid, and protein metabolism.
While the regulatory potential of an energy-depleted state in the liver is clear, the conditions that result in energy depletion and the mechanisms by which this state occurs are not well understood. Our goals, therefore, were to test the hypotheses that (a) reductions in the hepatic energy state are a physiological phenomenon not isolated to exhaustive exercise and (b) glucagon receptor activation mediates a lowered hepatic energy state sufficient to activate AMPK through a process requiring cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C). The foundation for this latter hypothesis is that a rise in plasma glucagon is characteristic of metabolic stress (17) (18) (19) (20) (21) (22) (23) (24) and increased hormone levels are shown to amplify phosphorylation of AMPK in vitro and in perfused liver (25, 26) . Studies in vivo have also shown that hepatic glucagon action is the primary determinant of gluconeogenesis via PEPCK-C and stimulation of coupled pathways, including fatty acid activation and ureagenesis, which are required to offset higher glucose use in the body during exercise (27) (28) (29) .
These hypotheses were tested in conscious mice in response to metabolic stress associated with elevated glucagon; metabolic stress in mice with genetic deletion of the glucagon receptor; hypoglycemia in 129X1/Sv mice, in whom the glucagon response to a fall in glucose is blunted; metabolic stress in which glucagon-stim-ulated flux through PEPCK-C is inhibited by liver-specific deletion of the enzyme; and a physiological increment in glucagon levels. Experiments in the last situation were carried out by developing a hyperglucagonemic-euglycemic clamp technique which, for what we believe is the first time, makes it possible for an increment in glucagon levels to be examined while maintaining euglycemia and fasting insulin. Collectively, our studies show that reductions in hepatic energy state due to metabolic stress are provoked by glucagon receptor activation and PEPCK-C.
Results

Metabolic stress induces dramatic changes in hepatic adenine nucleotide levels
Liver adenine nucleotides were assessed in C57BL/6 mice following metabolic stressors in which glucagon has been shown to be elevated (fasting, exercise, hypoglycemia, diabetes, and high-fat diet; refs. [17] [18] [19] [20] [21] [22] [23] [24] . In response to an 18-hour fast, hepatic ATP, ADP, and AMP levels were decreased, unchanged, and increased, respectively, resulting in a nearly 6-fold increase in AMP/ATP ratios compared with fed mice and mice fasted for 5 hours ( Figure 1A ). Changes in adenine nucleotides induced by an 18-hour fast corresponded to a fall in hepatic energy charge from 0.69 ± 0.02 and 0.69 ± 0.03 in fed and 5-hour-fasted mice, respectively, to 0.46 ± 0.05 (P < 0.05). In response to maximal treadmill exercise, hepatic ATP, ADP, and AMP levels were also decreased, unchanged, and increased, respectively, compared with sedentary mice ( Figure 1B ). Exercise lowered hepatic energy charge from 0.69 ± 0.03 in sedentary mice to 0.33 ± 0.02 (P < 0.05), consistent with previous findings (11) .
Insulin-induced hypoglycemia also led to marked changes in hepatic AMP and ATP concentrations, while ADP did not change in C57BL/6 mice ( Figure 1C ). Hypoglycemia-induced changes in adenine nucleotide corresponded to a significant increase in AMP/ATP ratios ( Figure 1C ). In 129X1/Sv mice, a strain previously shown to lack a glucagon response to insulin-induced hypoglycemia (30), hepatic adenine nucleotides remained relatively unchanged ( Figure 1C ) despite hypoglycemia, such that the energy charge was 0.53 ± 0.02. This was in contrast to C57BL/6 mice, in which glucagon levels were increased and hepatic energy charge was diminished to 0.30 ± 0.02 (P < 0.05 vs. 129X1/Sv). Hepatic adenine nucleotides were similar in C57BL/6 and 129X1/Sv mice fasted for 5 hours, corresponding to basal energy charges of 0.71 ± 0.03 and 0.70 ± 0.04, respectively.
In addition to these acute physiological stresses, streptozotocininduced (STZ-induced) diabetes and a high-fat diet led to decreased ATP and ADP as well as increased AMP levels in the liver ( Figure  1D ), corresponding to approximately 17-and 23-fold increases, respectively, in hepatic AMP/ATP ratios compared with control mice ( Figure 1D ). The hepatic energy charge was reduced from 0.70 ± 0.02 in healthy control mice to 0.22 ± 0.01 and 0.18 ± 0.01 in STZ-induced diabetes and high-fat fed mice, respectively (P < 0.05 in both conditions). Total adenine nucleotide (TAN) content in the liver ( Figure 1 ) and energy state in the gastrocnemius (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI38650DS1) were unchanged under all conditions, consistent with previous results (11) .
Glucagon action mediates changes in the hepatic energy state associated with metabolic stress Given that the aforementioned stressors are associated with elevated glucagon levels, we performed fasting and exercise protocols in mice lacking the glucagon receptor (Gcgr -/-) and wild-type littermate mice (Gcgr +/+ ) to test the requirement for glucagon receptor activation in mediating the effects of metabolic stress on hepatic adenine nucleotides. Body weight was similar between genotypes (24.0 ± 1.0 vs. 23.5 ± 0.8 g for Gcgr +/+ and Gcgr -/-mice, respectively). In Gcgr +/+ mice, fasting and exercise ( Figure 2 , A and B) altered ATP, ADP, and AMP levels similar to the results obtained in C57BL/6 mice (see Figure 1, A and B) . Fasting-and exercise-induced changes in Gcgr +/+ liver adenine nucleotides corresponded to a fall in hepatic energy charge from 0.69 ± 0.03 and 0.75 ± 0.08 in fed and sedentary control mice, respectively, to 0.47 ± 0.03 and 0.45 ± 0.05,
Figure 1
Metabolic stress reduces hepatic energy state in C57BL/6 mice. Hepatic adenine nucleotides measured by HPLC in mice following (A) a 5-or 18-hour fast (n = 6-8/group), (B) maximal treadmill exercise (starting at 10 m/min, adding 4 m/min every 3 minutes, after a 5-hour fast; n = 6-8/ group), (C) insulin-induced hypoglycemic clamp (n = 6-8/ group), and (D) with STZ-induced diabetes (1 s.c. injection of 150 mg/kg; n = 6/group) or fed a high-fat diet (HFD; 60% fat by kcal for 9 weeks) and after fasting for 5 hours (n = 4/group). Hepatic AMP/ATP ratios are also shown for each condition. TAN content is the sum total of ATP, ADP, and AMP. All mice were 12 weeks of age and on a C57BL/6 background except in the experiments shown in C, in which 129X1/Sv mice were also studied. Mice were compared with respective controls (fed, C57BL/6, and 5-hour-fasted chow-fed mice). Data are presented as mean ± SEM. *P < 0.05 compared with controls.
† P < 0.05 compared with 5-hour-fasted mice.
respectively (P < 0.05 in both conditions). In Gcgr -/-mice, however, fasting-induced changes in hepatic adenine nucleotides were attenuated ( Figure 2A ) and exercise-induced changes were absent (Figure 2B) . In both conditions, changes in hepatic AMP/ATP ratios ( Figure 2C ) or energy charge were absent in Gcgr -/-mice compared with Gcgr +/+ mice. The absence of exercise-induced changes in the hepatic energy state of Gcgr -/-mice did not alter exercise capacity (22.6 ± 2.1 vs. 24.9 ± 1.9 min). TAN in the liver did not change in any group (Figure 2 , A and B). The gastrocnemius energy state did not change in either genotype, despite fasting or exhaustive work (data not shown).
PEPCK-C expression is essential for fasting-induced changes in the hepatic energy state
The requirement for gluconeogenic flux through PEPCK-C in provoking changes in the hepatic energy state was initially tested using an 18-hour fast as a stressor in Pck lox/lox and Pck lox/lox Alb-cre mice. As shown in Figure 3 , hepatic levels of ATP, ADP, and AMP were decreased, unchanged, and increased, respectively, by an 18-hour fast in Pck lox/lox mice, corresponding to a 3-fold increase in hepatic AMP/ATP ratios compared with fed controls (Figure 3) . Fasting lowered the energy charge from 0.70 ± 0.04 in fed mice to 0.44 ± 0.07 in Pck lox/lox mice (P < 0.05). In Pck lox/lox Alb-cre littermates, fasting-induced changes in hepatic adenine nucleotides were absent ( Figure 3 ).
Studies using the hyperglucagonemic-euglycemic clamp
A physiological increment in glucagon levels under euglycemic conditions lowers the hepatic energy state. An in vivo clamp was developed to isolate hepatic glucagon action. Phloridzin and exogenous glucose were infused to create a euglycemic background. Glucagon was then infused, and the glucose infusion rate (GIR) was adjusted to maintain euglycemia. As shown in Figure 4A , plasma glucagon was significantly increased in Gcgr +/+ mice. Glucagon levels in glucagon-and vehicle-infused Gcgr -/-mice were greater than 8,000 ng/l, consistent with previous data (31) . Clamp insulin levels were unchanged ( Figure 4B ), and the target euglycemia levels of approximately 8.5 mmol/l were achieved in all groups ( Figure 4C ). Insulin was also assessed during the non-steady-state period at 30 minutes in separate experiments and was not different from basal (insulin was 186 ± 18, 197 ± 21, 155 ± 11, and 151 ± 15 pmol/l at 0 minutes and 198 ± 31, 161 ± 23, 137 ± 17, and 160 ± 18 pmol/l at 30 minutes in Gcgr +/+ plus saline, Gcgr +/+ plus glucagon, Gcgr -/-plus vehicle, and Gcgr -/-plus glucagon mice) The GIR needed to maintain blood glucose at about 8.5 mmol/l is shown in Figure 4D . The increment in glucagon levels during the clamp resulted in adenine nucleotide levels comparable to metabolic stressors in Gcgr +/+ and Gcgr -/-mice. In Gcgr +/+ mice, elevated glucagon was associated with decreased ATP, unchanged ADP, and increased AMP levels compared to all other groups ( Figure 5A ), such that hepatic AMP/ATP ratios were markedly increased ( Figure 5A ). Energy charge was significantly lowered, from 0.67 ± 0.01 in vehicle-infused Gcgr +/+ to 0.46 ± 0.09 in glucagon-infused Gcgr +/+ mice
Figure 2
Glucagon receptor is required for metabolic stress-induced reductions in hepatic energy state. Hepatic adenine nucleotides measured by HPLC in Gcgr +/+ and Gcgr -/-littermate mice (n = 8/group) following (A) an 18-hour overnight fast and (B) maximal treadmill exercise (starting at 10 m/min and adding 4 m/min every 3 minutes, after a 5-hour fast). Mice were compared with fed controls or with mice that remained sedentary on the treadmill for 30 minutes. (C) Hepatic AMP/ATP ratios for each condition shown in A and B. There were no differences between fed and 5-hour-fasted control mice. Data are presented as mean ± SEM. *P < 0.05 compared with all other groups. **P < 0.05 compared with Gcgr +/+ control mice. # P < 0.05 compared with Gcgr -/-.
Figure 3
Hepatic PEPCK-C is required for fasting-induced reduction in energy state. Hepatic adenine nucleotides measured by HPLC in Pck lox/lox and littermate Pck lox/lox Alb-cre mice (n = 8/group) following an 18-hour overnight fast. Mice were compared with fed controls. Hepatic AMP/ ATP ratios for each group is shown on right. Data are presented as mean ± SEM. *P < 0.05 compared with fed Pck lox/lox mice.
(P < 0.05). In Gcgr -/-mice, adenine nucleotides were unchanged ( Figure 5A ) and the hepatic energy charge was 0.73 ± 0.04 and 0.71 ± 0.02 in vehicle-and glucagon-infused mice, respectively. Elevated glucagon in Gcgr +/+ mice reduced the exogenous glucose requirement to maintain euglycemia ( Figure 5B ), due to increased hepatic glucose output and greater glycogen breakdown ( Figure  5C ) compared with vehicle-infused Gcgr +/+ control mice. The glucose requirement was higher in Gcgr -/-mice, but the glucagon infusion had no effect ( Figure 5B ). Urine glucose exceeded 27 mmol/l in each group, indicating a potent inhibition of renal glucose reuptake by phloridzin. There were no significant changes in hematocrit or catecholamines (Supplemental Figure 1) , indicating that mice were unstressed during the clamp.
Increased AMP and decreased ATP levels in Gcgr +/+ mouse livers infused with glucagon corresponded to increased phosphorylation of total AMPKα ( Figure 5D ) due to increased phosphorylation of both α1 and α2 isoforms ( Figure 5 , E and F). A downstream target of AMPK, acetyl-CoA carboxylase (ACC), also showed increased phosphorylation in the liver ( Figure 5G ). Increased AMP/ATP ratios in glucagon-infused Gcgr +/+ mouse liver also corresponded to increased PEPCK-C protein content ( Figure 5F ). In contrast, phosphorylation of AMPKα and ACC as well as total PEPCK-C protein content were unchanged in Gcgr -/-mice infused with glucagon or vehicle ( Figure 5 , D-F). Total AMPKα, ACC, and PEPCK-C protein content did not differ between Gcgr -/-and Gcgr +/+ mice ( Figure 5 , D-F). There was also no change in the phosphorylation status or total protein content of LKB1, an upstream kinase of AMPK (32) , in any group ( Figure 5G ), supporting a role for allosteric activation of the enzyme by adenine nucleotides. The gastrocnemius energy state was unaltered during the clamp (Supplemental Table 2 ).
Glucagon-stimulated transition to a hepatic energy-depleted state requires PEPCK-C expression. Hyperglucagonemic-euglycemic clamps were performed in Pck lox/lox and Pck lox/lox Alb-cre mice to test the hypothesis that flux through PEPCK-C is required for glucagon action to induce the transition to a hepatic energy-depleted state. As shown in Figure 6A , plasma glucagon levels were elevated in glucagoninfused Pck lox/lox and Pck lox/lox Alb-cre mice. Glucagon levels remained similar to basal levels in vehicle-infused mice ( Figure 6A ). Insulin was unchanged in all groups ( Figure 6B ). Target euglycemia was achieved in each group ( Figure 6C ), and the required GIR is shown in Figure 6D .
In Pck lox/lox mice, elevated glucagon was associated with decreased ATP, unchanged ADP, and increased AMP levels compared with all other groups ( Figure 7A ). Glucagon-induced changes in Pck lox/lox mice corresponded to increased hepatic AMP/ATP ratios ( Figure 7A ) and an energy charge of 0.32 ± 0.04 (P < 0.05 vs. vehicle-infused Pck lox/lox mice). Glucagon had no effect in Pck lox/lox Alb-cre to induce changes in hepatic adenine nucleotides ( Figure 7A ).
Increased AMP and decreased ATP levels in Pck lox/lox mouse livers infused with glucagon corresponded to increased phosphorylation of total AMPKα, phosphorylation of its downstream target, ACC, and increased PEPCK-C protein content (Figure 7 , B-D). In contrast, phosphorylation of AMPKα and ACC was unchanged in Pck lox/lox Alb-cre mice infused with glucagon or vehicle ( Figure 7 , B and C). Neither AMPKα nor ACC protein content differed between genotypes. There was also no change in the phosphorylation status or total protein content of LKB1 in any group ( Figure 7E) .
The link between hepatic PEPCK-C protein and energy state was further defined by determining the correlation between changes in protein content and hepatic AMP/ATP ratios in mice subjected to metabolic stressors and hyperglucagonemic-euglycemic clamps. As shown in Figure 7F , this correlation is r = 0.63.
Discussion
The goal of these studies was to define the physiological regulation of the hepatic energy state. This is a fundamental issue in metabolic regulation because adenine nucleotides, which define the energy state, are critically coupled to energetic processes and
Figure 4
The hyperglucagonemic-euglycemic clamp protocol permits an increment in glucagon levels without hyperglycemia or hyperinsulinemia. (A) Plasma glucagon, (B) plasma insulin, (C) blood glucose, and (D) GIR in 5-hour-fasted, 12-week-old Gcgr +/+ and Gcgr -/-littermate mice on a C57BL/6 background during a hyperglucagonemic-euglycemic clamp (n = 7-9/group). At -60 minutes (equilibration), mice were infused with phloridzin (80 μg/kg/min) and a variable GIR to achieve and maintain euglycemia (~8.5 mmol/l). At 0 minutes, glucagon (10 ng/kg/min) was infused during a 120-minute experimental period. Blood glucose was measured every 5 minutes during equilibration and every 10 minutes during the experimental period. Basal glucose and hormone levels are the mean ± SEM of samples taken at -15 and -5 min. Clamp hormones are the mean ± SEM of samples taken at 100 and 120 minutes. *P < 0.05 compared with Gcgr +/+ vehicle-injected control mice.
modulate key regulatory enzymes (e.g., AMPK). Moreover, metabolic pathways in the liver are a hub for whole-body metabolism, and regulatory changes linked to alterations in the hepatic energy state have potentially robust consequences in health and disease. In order to examine the site(s) involved in the regulation of the hepatic energy state, it was necessary to develop a well-controlled model system in which liver metabolism could be studied in vivo. Isolated hepatocytes and perfused liver preparations are valuable model systems. However, they are disruptive to the energy state and require an artificially high oxygen content (usually 95% O 2 ) to use. This obviated their utility in the current study. Our current findings show that (a) a number of physiological metabolic stressors induce the transition to a hepatic energy-depleted state; (b) hepatic glucagon action and associated flux through PEPCK-C are critical in mediating the stress-induced transition to a hepatic energy-depleted state; and (c) glucagon action amplifies AMPK signaling in the liver through a mechanism that is independent of increased LKB1 activation.
Experiments testing the effect(s) of fasting, exercise, hypoglycemia, diabetes, and a high-fat diet in C57BL/6 mice demonstrate that the transition to a hepatic energy-depleted state occurs across a range of metabolic stressors. These comprehensive results illustrate that adenine nucleotides in the mouse liver are highly sensitive to acute physiological stressors as well as metabolic disease and that changes are not solely isolated to exercise. These findings are important because the magnitude of the changes in hepatic energy state suggests that regulatory consequences are likely, considering the coupling of adenine nucleotides to metabolic pathways in the liver (1). This notion is reinforced by findings that hepatic AMPK phosphorylation is increased following exercise (11, 33, 34) and fasting (34, 35) . The existing literature on changes in liver adenine nucleotides in response to metabolic stressors is difficult to interpret (22, (36) (37) (38) (39) (40) (41) (42) (43) . Previous studies in rats have generally reported stress-induced reductions in hepatic ATP (36) (37) (38) (39) (40) (41) (42) (43) , although one study found that this did not occur in response to varying fast durations (22) . A number of these earlier studies have also shown that hepatic AMP levels increase in response to stress (22, 36, 37, 41) , while others have reported no change (42, 43) . Many of these earlier studies do not report ADP and/or AMP levels (38) (39) (40) , estimate adenine nucleotide concentrations using enzymatic methods (22, 36-40, 42, 43) , or report reductions in TAN (41), thus complicating a full assessment of the energy state. The current findings, which used HPLC to measure adenine nucleotides, are therefore valuable to show that physiological stress conditions do indeed provoke changes in adenine nucleotides corresponding to a reduced energy state. Changes are characterized by decreases in ATP, no change in ADP, and increases in AMP, such that TAN does not vary. It is important to note that the adenine nucleotide levels reported in the present study are consistent with other data in the mouse (44, 45) . It is also unlikely that any of the observed differences are due to tissue handling or analytical differences because the control and experimental groups were studied contemporaneously.
The present studies focusing on adenine nucleotides in the liver also show that changes in response to metabolic stress are in marked contrast to that which occurs in skeletal muscle. This is particularly surprising during exercise because skeletal muscle is performing exhaustive work and AMPK is activated under these circumstances (46, 47) . This finding is, however, consistent with the results of a previous study (11) . The multifaceted metabolic roles of the liver and the absence of creatine kinase may underlie these contrasting effects. Measurement of skeletal muscle adenine nucleotides is important because they provide further support that results in the liver are not artifacts of anoxia due to technical issues. Anoxia has been previously shown to alter hepatic adenine nucleotides in a manner consistent with a lowered energy state (48) . Skeletal muscle is also prone to anoxia, and this condition would reduce the energy state. Skeletal muscle was removed after the liver in each experiment, and adenine nucleotides deviated little, if any, in response to a variety of conditions and a variety of models. Glucagon action was considered a mechanism to explain changes in the hepatic energy state based on independent evidence that glucagon levels rise during metabolic stress (17) (18) (19) (20) (21) (22) (23) (24) , activate AMPK (25, 26) , and potently stimulate energy-requiring processes in the liver (27) (28) (29) 49) . Glucagon binding to its receptor increases adenosine cAMP levels in the liver, leading to stimulation of PKA activity. PKA triggers numerous metabolic changes in the liver, including acute effects to increase glycogen breakdown and stimulate gluconeogenic flux through PEPCK-C. These combined pathways represent the canonical actions of glucagon to increase hepatic glucose production (49) . Glucagon action is, however, also shown to stimulate metabolic pathways in the liver, such as fat oxidation and ureagenesis, which are fundamental to fueling gluconeogenesis in the liver (27) (28) (29) . Energetic requirements of gluconeogenesis and activation of substrates in the liver are proposed to underlie reductions in the energy state because several steps in these interrelated processes require hydrolysis of ATP to ADP. AMP and ATP levels in the liver would rise and fall, respectively, due to adenylate kinase activity (2 ADP converted to 1 ATP and 1 AMP), thus lowering the energy state (50) . Activation of fatty acids and amino acids in the liver also entails hydrolysis of ATP to AMP, thus directly reducing the energy state. Studies in adipocytes suggest that epinephrine and exercise provoke dramatic changes in adenine nucleotides that activate AMPK (51, 52) . Such effects were blocked in isolated adipocytes when acetyl-CoA synthetase, the enzyme required to activate fatty acids, was inhibited, suggesting that this step lowers the energy state (51) . The fact that ADP levels do not vary in the current physiological perturbations also suggests that oxidative uncoupling in the mitochondria does not contribute to changes in the energy state.
The requirement for glucagon receptor activation to provoke hepatic energy depletion was first examined using acute metabolic stressors in mice lacking the glucagon receptor. Remarkably, in Gcgr -/-mice, the exercise-induced hepatic energy-depleted state was abolished and the response to fasting was largely attenuated compared with Gcgr +/+ littermates. Gcgr -/-mice have a complicated phenotype, including reduced blood glucose, lower insulin, supraphysiological levels of glucagon, and diminished hepatic fat oxidation (26, 31) . Gcgr -/-mice do, however, retain the capacity to increase cAMP levels in response to epinephrine (31) , suggesting that the limited or absent changes in the energy state following metabolic stress is due to loss of the receptor rather than defective pathways in the liver. The action of glucagon to lower the hepatic energy state was further supported by hypoglycemic clamp results in 129X1/Sv mice. In this strain, the blunted glucagon response to hypoglycemia was associated with a higher hepatic energy state compared with C57BL/6 mice, which showed a marked glucagon response and lowered hepatic energy state (30) . Taken together, these findings suggest that factors other than glucagon have a limited role in mediating the transition to a hepatic energy-depleted state. Moreover, these results provide in vivo evidence using 2 different model systems, demonstrating that changes in the hepatic energy state are mediated by glucagon receptor activation in the liver.
Figure 6
Liver-specific deletion of PEPCK-C blunts the effect of glucagon during a hyperglucagonemic-euglycemic clamp. (A) Plasma glucagon, (B) plasma insulin, (C) blood glucose, and (D) GIR in 5-hour-fasted, 12-week-old Pck lox/lox and littermate Pck lox/lox Alb-cre mice during a hyperglucagonemiceuglycemic clamp (n = 7-9/group). At -60 min (equilibration), mice were infused with phloridzin (80 μg/kg/min) and a variable GIR to achieve and maintain euglycemia (~8.0 mmol/l). At 0 minutes, glucagon (10 ng/kg/min) was infused during a 90-minute experimental period. Blood glucose was measured every 5 minutes during equilibration and every 10 minutes during the experimental period. Basal glucose and hormone levels are the mean ± SEM of samples taken at -15 and -5 minutes. Clamp hormones are the mean ± SEM of samples taken at 70 and 90 minutes. *P < 0.05 compared with Pck lox/lox vehicle control mice.
The action of glucagon to induce changes in the hepatic energy state was isolated in these studies using what is to our knowledge a novel hyperglucagonemic-euglycemic clamp. This powerful in vivo technique permits a selective increase in glucagon to physiological levels without increases in blood glucose and insulin. This is critical to fully define the sensitivity of hepatic glucagon receptor activation. This technique was first performed in Gcgr +/+ mice to isolate the effect of glucagon on adenine nucleotides. Gcgr -/-mice were also studied to validate that the clamp technique had no effects other than glucagon receptor activation. In Gcgr +/+ mice, clamp glucagon was successfully increased to levels observed in mice performing maximal treadmill exercise (18) . The elevation in glucagon during the clamp in Gcgr +/+ mice corresponded to greater stimulation of liver metabolism based on increased glycogen breakdown and a lower GIR requirement to maintain target glycemic levels compared with vehicle-infused Gcgr +/+ mice. Stimulation of liver metabolism by glucagon in Gcgr +/+ mice was indeed linked to a lower hepatic energy state. Increased hepatic AMP/ATP ratios corresponded to increased total PEPCK-C protein content as well as greater phosphorylation of AMPK, indicative of increased enzyme activity. Phosphorylation of ACC, a downstream target of AMPK critically involved in regulating fat oxidation, was also increased in Gcgr +/+ mice, further supporting increased AMPK activity due to elevated glucagon levels. Increased glucagon did not, however, correspond to changes in LKB1 activation, suggesting that changes in AMPK were not strictly due to activity of this upstream kinase, as previously suggested from a study conducted in vitro (25) . As expected, glucagon had no effect on the hepatic energy state in Gcgr -/-mice. There were also no differences in hepatic p-AMPK Thr172 / AMPK, p-ACC Ser79 /ACC, and PEPCK-C between Gcgr -/-mice and vehicle-infused Gcgr +/+ mice, indicating that loss of that specific receptor was responsible for effects observed in response to fasting and exercise in Gcgr -/-mice. Insulin did tend to increase during the clamp in Gcgr -/-mice, but these levels were appropriate for the increase in blood glucose.
The hypothesis that glucagon action mediates the transition to a hepatic energy-depleted state was further refined using mice with liver-specific deletion of PEPCK-C. As previously noted, glucagon action is well characterized to stimulate gluconeogenesis via increased substrate flux through PEPCK-C. This capacity of the liver to produce glucose de novo results in a net loss of ATP and is critically linked to additional processes that require energy. It is important to note that Pck lox/lox Alb-cre mice are a complex genetic mouse model that maintains near normal blood glucose despite the absence of this key gluconeogenic enzyme (53) (54) (55) . Liver-specific deletion of PEPCK-C results in hepatic lipid accumulation and diminished TCA cycle flux indicative of an altered energetic phenotype. This is a highly valuable mouse model in the current studies because the genetic manipulation is liver specific, and sophisticated metabolic flux analyses by Burgess and colleagues have shown in great detail that PEPCK-C-mediated gluconeogenesis is coupled to oxidative and anapleurotic processes (53, 54) , which are key in maintaining a hepatic energy state. In these mice, the hepatic energy state was preserved in response to an overnight fast, supporting the notion that PEPCK-C-mediated gluconeogenesis is needed to induce changes in the energy state. Hyperglucagonemiceuglycemic clamp results further clarify a critical role for PEPCK-C to mediate the glucagon-induced transition to a hepatic energydepleted state and offer further mechanistic insight. This is based on findings that elevated glucagon levels fail to alter hepatic adenine nucleotides in mice with liver-specific deletion of PEPCK-C. The phosphorylation status of LKB1, AMPK, and ACC were also unaltered by higher glucagon levels in Pck lox/lox Alb-cre mice. This finding again suggests that energetic changes in the liver, resulting in increased AMP-mediated allosteric effects, lead to activation
Figure 7
Hepatic PEPCK-C is required to mediate metabolic stress-and glucagon-induced reductions in hepatic energy state. (A) Hepatic adenine nucleotides measured by HPLC in 5-hour-fasted 12-week-old Pck lox/lox and littermate Pck lox/lox Alb-cre mice following a hyperglucagonemiceuglycemic clamp (n = 7-9/group). Hepatic AMP/ATP ratios are shown for each group on the right. (B-E) Representative immunoblots for p-AMPKα Thr172 /total AMPKα, p-ACC Ser79 /ACC, PEPCK-C, and p-LKB1 Ser428 /LKB1 content. The numbers beneath each lane are arbitrary units normalized to vehicle-infused Pck lox/lox Alb-cre mice. (F) Hepatic PEPCK-C protein content relative to hepatic AMP/ATP ratios in mice from all metabolic stress and/or clamp conditions in C57BL/6, 129X1/Sv, Gcgr +/+ , Gcgr -/-, Pck lox/lox , and Pck lox/lox Alb-cre mice. PEPCK-C protein content was determined by immunoblot and normalized to C57BL/6 mice in the fed state. Data are mean ± SEM. *P < 0.05 compared with all other groups.
of AMPK rather than a direct pathway involving PKA-mediated covalent modification of LKB1 (25) . Our results, which indicate that allosteric modulation of AMPK by adenine nucleotides is the principal regulatory event, are strengthened by evidence that LKB1 is a constitutively active upstream kinase (56, 57) . Additional data show that binding of AMP to AMPK increases enzyme activity by inhibiting dephosphorylation (58) (59) (60) .
Taken together, the present study defines an important metabolic pathway whereby glucagon receptor activation and subsequent stimulation of gluconeogenic flux through PEPCK-C induce a lowered hepatic energy state sufficient to activate AMPK in the liver. A modest positive correlation was found between hepatic PEPCK-C protein content and changes in AMP/ATP ratios. These results support a link between the energetics of gluconeogenesis and associated pathways (i.e., substrate activation steps) and change in hepatic energy state. This link is also supported by a recent study, which found that adenoviral-mediated silencing of PEPCK-C in db/db mice lowered hepatic glucose production and improved hepatic energy status (45) . It is important to note that all studies were done in vivo using genetically modified mice and what we believe is a novel clamp protocol to isolate the physiology of glucagon, the glucagon receptor, and PEPCK-C. While each approach may have inherent limitations, all findings converge on the conclusion that glucagon receptor activation leads to a lowered hepatic energy state. These studies also add to the concept of AMPK as a metabolic sensor sensitive to changes in AMP/ATP ratios. These data are noteworthy because few studies focusing on AMPK in the liver have actually measured adenine nucleotides. We propose that the fall in hepatic energy state during acute metabolic stressors is a normal physiological response mediated by glucagon receptor signaling, in which AMPK is stimulated in an orchestrated adaptive effort to increase energy production in the liver.
It is important to consider that glucagon-stimulated changes to lower the hepatic energy state and activate AMPK also likely have long-term transcriptional consequences. This notion is based on strong evidence that AMPK regulates a wide range of transcriptional processes (61) . Low hepatic energy levels have also been recently linked to a pathway involving NAD + -dependent sirtuin 1-mediated (SIRT1-mediated) deacetylation of PPARγ coactivator 1α (PGC1α) and expression of forkhead box O1 (FOXO1) (62) . This pathway has been extended in myocytes to show an interplay between AMPK and SIRT1 to modulate the FOXO family of transcription factors and PGC1α-dependent genes involved in mitochondrial and lipid metabolism (63) . In support of our view that changes in adenine nucleotides have a profound regulatory impact, Cantó et al. (63) have proposed that changes in AMP/ATP ratios are the initial metabolic signal triggering transcriptional changes. Similar effects in the liver might contribute to attenuation of exercise-induced reductions in hepatic AMP following long-term training (40) and/or improved efficiency with which the liver converts gluconeogenic substrate into glucose following glucagon stimulation (64, 65) . An additional study has, however, dissociated the role of SIRT1 from modulation of PGC1α-dependent genes in vivo in skeletal muscle and heart (66) . Future studies are needed to elucidate key components of this pathway and clarify its role in the liver.
An additional important finding is that the hepatic energy state is lowered in high-fat diet-fed and diabetic mice that are not acutely stressed. This suggests that high AMP/ATP levels are part of the metabolic disease milieu, which is consistent with evidence in obese humans showing that hepatic ATP levels are reduced (67, 68) . It is noteworthy in this context that ADP was reduced and AMP increased to levels inconsistent with the energetics of adenylate kinase and activation of substrate that have been proposed to mediate the changes seen in response to physiological stress (1, 8, 51) . These observations suggest the possibility that hepatic mitochondrial dysfunction (69) , hypoxia (70) , or additional impairments underlie a lowered energy state in metabolic disease. In addition, if the increase in hepatic AMP/ATP ratios in metabolic disease corresponds to activation of AMPK, then the characteristic development of fatty liver is a paradox. An alternative is that the sensitivity of AMPK to AMP/ATP ratios is diminished in metabolic disease. This notion is supported by recent evidence in ethanol-fed rat liver (71) and the fact that AMPK is not activated by exercise in skeletal muscle of obese individuals with and without type 2 diabetes (72) . This finding has therapeutic implications, as AMPK, the glucagon receptor, and PEPCK-C are current or proposed drug targets (45, 49, 73) . It is currently unknown whether these interventions would affect AMPK sensitivity to the energy state or downstream AMPK targets. In summary, these studies extend our understanding of metabolic control in the liver to include significant changes in the energy state and provide a more precise understanding of how the liver regulates substrate metabolism.
Methods
Animals
All procedures were approved by the Vanderbilt University Animal Care and Use Committee. C57BL/6 and 129X1/Sv mice were from The Jackson Laboratory. Mice with global deletion of the glucagon receptor (Gcgr -/-) and wild-type littermates (Gcgr +/+ ) were on a C57BL/6 background. Gcgr -/-mice have supraphysiological glucagon levels and reduced blood glucose, leptin, and adiposity compared with Gcgr +/+ mice (31) . Insulin, body weight, food intake, and energy expenditure are similar between genotypes (31). Mice with a liver-specific deletion of cytosolic PEPCK (Pck) driven by the albumin-cre transgene (Pck lox/lox Alb-cre) and wild-type littermates (Pck lox/lox ) were also used. Pck lox/lox Alb-cre mice retain normal fed and fasting blood glucose but have higher fasting plasma free fatty acid levels and lipid accumulation in the liver compared with Pck lox/lox mice (55) . All experiments used mice at 12 weeks of age. Mice were housed in a temperature-controlled environment on a 12-hour light/12-hour dark cycle and fed either a chow diet (5% fat) or high-fat diet (60% fat) ad libitum.
Surgical procedures
Previously described surgical techniques were used (30, 74) . Carotid artery and jugular vein catheters were implanted for sampling and infusing, respectively, 5 days prior to study. Only mice that returned to within 10% of pre-surgical body weight were studied.
Metabolic experiments
Hepatic adenine nucleotides were measured in all protocols. Adenine nucleotides in gastrocnemius were determined in select groups. In hypoglycemic and hyperglucagonemic-euglycemic clamp protocols, mice were placed in a 1-liter plastic tub lined with bedding to begin a 5-hour fast at 8 am. Catheter lines were attached to a swivel 60 minutes prior to the first infusion. Mice were unrestrained and not handled thereafter to minimize stress.
Fasting for 5 and 18 hours. C57BL/6 mice were euthanized after 5-hour morning fasts and 18-hour overnight fasts. Fed controls had access to food. In separate experiments, Gcgr +/+ and Gcgr -/-as well as Pck lox/lox and Pck lox/lox Alb-cre mice were fasted for 18 hours or given access to food.
Maximum exercise.
Male Gcgr +/+ and Gcgr -/-mice were acclimated to treadmill exercise (Columbus Instruments) 2 days prior to study, with 10 minutes of exercise at 10 m/min. On the day of study, after a 5-hour morning fast, Gcgr +/+ and Gcgr -/-littermate mice either ran until exhaustion or were placed on the unmoving treadmill for 30 minutes. The exercise protocol was a speed of 10 m/min at 0 minutes and increased 4 m/min every 3 minutes until exhaustion. Exhaustion was defined by mice remaining on a shock grid at the end of the treadmill (1.5 mA, 200-ms pulses, 4 Hz) for 5 seconds.
STZ treatment. A single i.p. injection of STZ (150 mg/kg in 0.4 M sodium citrate buffer, pH 7.4) or citrate buffer was administered to male C57BL/6 mice. Blood glucose and body weight were measured daily for 1 week, and diabetes was defined by blood glucose levels greater than 20 mmol/l.
High-fat diet. C57BL/6 mice were fed a high-fat or chow diet for 9 weeks after weaning. Mice were euthanized after a 5-hour fast.
Hypoglycemic clamp. Insulin (120 pmol/kg/min) and a variable GIR were infused for 120 minutes to achieve and maintain hypoglycemia of about 2.2 mmol/l in male C57BL/6 and 129X1/Sv mice. Blood samples (250 μl) were taken at -15, 30, 60, and 120 minutes to measure basal plasma glucagon, epinephrine, norepinephrine, and corticosterone and the counterregulatory response to hypoglycemia. 129X1/Sv mice have been previously shown to have a blunted response to hypoglycemia compared with C57BL/6 mice (30).
Hyperglucagonemic-euglycemic clamp. The effects of glucagon are difficult to isolate without intervention due to concomitant hyperglycemia and hyperinsulinemia. The hyperglucagonemic-euglycemic clamp uses phloridzin and a variable GIR to create a background, and glucagon is infused without changes in blood glucose or insulin. At -60 minutes, phloridzin (80 μg/kg/min) was infused to prevent renal reuptake of glucose. Salinewashed erythrocytes were infused (5 μl/min) to prevent a fall in hematocrit. Blood glucose (5 μl) was measured every 5 minutes, and a variable GIR was infused to maintain euglycemia (~8.5 mmol/l). At 0 minutes, glucagon (10 ng/kg/min) was infused, and samples for blood glucose (5 μl) were taken every 5 minutes. GIR was adjusted to maintain euglycemia. Basal samples for plasma insulin (50 μl) and glucagon (50 μl) were taken at -15 and -5 minutes. Samples for basal catecholamines (50 μl) were taken at -15. Clamp hormones were sampled twice in the last 20 minutes of the clamp. Urine glucose was measured using urinalysis strips. Blood samples were collected in tubes containing EDTA and stored at -20°C.
Analytical methods
All mice were euthanized and livers were quickly removed in situ (within 20 seconds of euthanizing the animal), followed by gastrocnemius. Tissues were freeze-clamped and stored at -80°C. Adenine nucleotides were measured by HPLC in the Vanderbilt University Mouse Metabolic Phenotyping Center. Approximately 50 mg of frozen tissue was homogenized in 500 μl 0.4 M HClO4 containing 0.5 mM EGTA and remained on ice for 10 minutes. Samples were spun at 2,900 g at 4°C for 10 minutes. The supernatant was neutralized with 0.5 M K2CO3. Samples were placed on ice for 5 minutes and spun at 2,900 g at 4°C for 10 minutes. Analysis was performed using a Supelco Supelcosil LC18-T column (4.6 × 250 mm, 5-μm particle size) interfaced with a Waters 490 detector (254 nm at 1.0 AUFS) and a constant flow rate of 0.7 ml/min. Adenine nucleotides were identified using mobile phase A (100 mM KH2PO4, pH 6.0) for 12.5 minutes, mobile phase B (90:10 ratio of 100 mM KH2PO4/MeOH) for 3.5 minutes, and mobile phase A for 44 minutes and quantified using known standards. Hepatic glycogen was measured as previously described (75) . Total AMPKα, AMPKα phosphorylated at threonine 172 (p-AMPK Thr172 ), total ACC, p-ACC Ser79 , PEPCK-C, p-LKB1 Ser428 , and LKB1 total protein content were determined by immunoblotting. Samples were homogenized 1:10 (wt/vol) in solution containing 10% glycerol, 50 mM Tris HCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM DTT, 1 mM PMSF, 50 mM NaF, 5 mM Na-pyrophosphate, and 10 μg/μl protein inhibitor cocktail. Protein concentration was determined using a commercial protein assay (Bio-Rad). Protein (60 μg) was run on an SDS-PAGE gel and transferred to a PVDF membrane. Membranes were blocked in fluorescent Western blotting buffer (Rockland Immunochemicals) and incubated with antirabbit antibodies for AMPK, ACC, and LKB1 (Cell Signaling Technology) or anti-goat antibodies for PEPCK-C (a gift of Kevin Niswender, Vanderbilt University) overnight at 4°C. Membranes were then incubated with IRDye 800-conjugated antibodies (Rockland Immunochemicals). GAPDH was used as a loading control. Immunoblots for AMPKα1 and -α2 were performed after immunoprecipitation using 200 μg of protein, 2 μg of antirabbit AMPKα1 polyclonal antibody (Santa Cruz Biotechnology Inc.), 2 μl of anti-rabbit AMPKα2 monoclonal antibody (Santa Cruz Biotechnology Inc.), and immobilized Recomb protein A beads (Pierce Biotechnology). Plasma glucagon (76) , insulin (76) , epinephrine (77) , and norepinephrine (77) were determined by the Vanderbilt University Mouse Metabolic Phenotyping Center Hormone Assay and Analytical Resources Core.
Statistics
Total glucose requirement was assessed using the trapezoidal method. Statistical comparisons were made using 1-way ANOVA followed by Fisher's least-significant-difference test for post-hoc comparisons. Data are presented as means ± SEM. Statistical significance was defined as P < 0.05.
